Introduction
In recent years, extensive research has been conducted to estimate the bioavailability and toxicity of risk elements in soils. Exposure of plants to metals is primarily through the aqueous phase of soil. Plant-availability of nutrients as well as potentially risk elements is predominantly driven by soil conditions in rhizosphere. Root exudates, consisting of a mixture of organic acids, chelates, vitamines, amino acids, purines, nucleosides, inorganic ions (HCO 3 -, OH -, H + ), gas molecules (CO 2 , H 2 ), and enzymes [1, 2] , play an important role in this process.
Organic acids, such as acetate, malate, citrate and oxalate, have been proposed to be involved in many rhizosphere processes, including nutrient acquisition and metal detoxification, alleviation of anaerobic stress in roots, mineral weathering and pathogen attraction. Mechanisms of the release of these compounds and their activity in soil (sorption, complex formation, decomposition by soil microorganisms) are complex processes that are not fully understood [3] . Experiments showing intensity of root activity have been performed in special designed rhizoboxes [4] , allowing sampling of the soil rhizosphere vertical profile according to thickness in increments of 1 mm. This technique facilitates the investigation of soil solution components in layers close to plant roots. In this context, relevant choice of plant species for this type of experiments is necessary. In particular, a tolerance to elements of interest and/or good accumulation capacity of the element is preferable for the plant under investigation. A wide spectrum of both inorganic and organic As compounds were identified from different parts of higher plants [5] . However, As accumulation by aboveground biomass of terrestrial plants may be limited by various factors. The different uptake behaviour and biotransformation ability of plant species can lead to tolerant and non-tolerant plant species to elevated As concentrations in soil, as reviewed by Meharg and Hartley-Whitaker [6] . The current work strives to find suitable experimental plants among agricultural crops to study the As behavior in plant rhizosphere in contaminated soil. For example, beans [7] and radish [8, 9] belong to the As-sensitive plants with low tolerance to elevated As concentrations under both hydroponic and classical pot experimental conditions. However, bean plants (Phaseolus vulgaris L.) demonstrated relatively good ability to translocate As to aboveground biomass compared to other species such as tomato [7] . Therefore, we decided to investigate the potential changes in mobility of As and its compounds in the rhizosphere of bean plants.
Mentha aquatica L., an As tolerant plant species suitable for cultivation in Central European climate conditions, exhibited a relatively high uptake of As when grown at an As contaminated site [10] . Similarly, Zurayk et al. [11] compared 12 Mediterranean plant species characterized as hydrophytes and found out that only M. aquatica was able to accumulate sufficient amounts of Cd, Cr, and Ni and was considered as bioindicator for these elements.
M. aquatica plants sampled at an As contaminated site (total concentration of As in soil was 266 mg kg -1 ) exhibited an As concentration in aboveground biomass up to 216 mg kg -1 and in roots up to 540 mg kg -1 [10] , without apparent symptoms of As phytotoxicity. Evidently, M. aquatica seems to be the plant species sufficiently tolerant to elevated concentrations of risk elements in soil, and is therefore suitable for model experiments investigating the behavior of As and its compounds in plant rhizosphere.
Ma et al. [12] described the fern species Pteris vittata L. as being able to accumulate up to 23000 mg kg -1 of As in aboveground biomass, most of which was present as inorganic As (47 -80%). Subsequent studies were performed on other fern species, such as the As hyperaccumulators Pityrogramma calomelanos [13] , and Pteris cretica, Pteris longifolia and Pteris umbrosa [14] . This work suggested that P. calomelanos is able to release 2% of total As from soil. Fitz et al. [4] cultivated Pteris vittata plants in rhizobox conditions in soil containing 2270 mg As kg -1 . The As concentrations in the individual parts of the plant decreased in the order: young fronds > old fronds >> rhizomes > roots. Young fronds contained 2580 mg As kg -1 , while roots only contained 119 mg As kg -1 . Pityrogramma calomelanos is a fern species frequently grown at soils highly contaminated by As in the area of southern Thailand. This plant is able to accumulate As, especially in leaves (up to 8350 mg As kg -1 dry matter), whereas rhizomes of this plant contained only from 88 to 310 mg As kg -1 dry matter [13] . About 60% of total As concentration in rhizomes was water extractable and 95% of this portion was identified as arsenate. However, better extractability of As was observed in fronds (from 86 to 93%) and the predominant As compound determined was arsenite (from 60 to 72%). Methylated As compounds were determined in trace quantities only in certain samples. In the context of using P. calomelanos for phytoextraction, it should be possible for these plants to remove up to 2% of the total As in soil. As-accumulating fern species demonstrated different mechanisms of As uptake and transformation compared to higher plants. Because of their intensive As uptake, significant changes in As concentrations in soil solution and plant root rhizosphere are expected [15] .
The current work investigates the total As concentrations and the As speciation in the biomass and rhizosphere of Phaseolus vulgaris L., Mentha aquatica L., and Pteris cretica L. This was achieved via a rhizobox experiment with three soils differing in total As concentrations as well as in their physicochemical parameters. The potential effect of plant species on mobility of As and As compounds in plant rhizosphere and subsequent uptake, translocation and transformation of As compounds in plant biomass was assessed, as well as the suitability of the investigated plant species for study of As behavior in plant rhizosphere.
Experimental Procedures

Rhizobox experiments
P. vulgaris and M. aquatica were cultivated for 60 days and P. cretica for 100 days, respectively, in rhizoboxes [4] The plants were watered with deionized water and the soil moisture was kept at 60% of its maximal water holding capacity (MWHC) in the case of P. vulgaris and P. cretica, and almost at 100% of MWHC in the case of M. aquatica. At the end of the experiment, whole plants were sampled. The roots were liberated from adhering soil by washing with deionized water. Aboveground biomass and roots were dried at 60°C to a constant mass and then separately ground to a fine powder in a mixer.
For determination of mobile portions of As in the rhizosphere, the soil samples were sectioned using the device designed by Fitz et al. [15] as follows: rhizosphere soil compartment including rhizosphere soil is put on the device and fixed with two screws on a plate. This plate is adjustable in all 3 spatial directions as its vertical position is defined by 3 individually adjustable screws. Soil is sliced using a sharp blade made of acrylic material. The blade is fixed with a screw on a slide at an angle of 45° relative to the soil surface. Successive sectioning is achieved by adjusting the blade which is fixed with screws on a commercially available sliding calliper. The thickness of each individual soil section was 1 mm. Soil samples for determination of total As concentration were collected from the bulk; all soil samples were then air dried at 20°C, ground in a mortar, and passed through a 2-mm plastic sieve.
Analytical methods
Plant samples were decomposed using the dry ashing procedure as follows: An aliquot (~1 g) of the dried and powdered aboveground biomass or roots were weighed to 1 mg into a borosilicate glass test-tube and decomposed in a mixture of oxidizing gases (O 2 +O 3 +NO x ) at 400°C for 10 hours in an Apion Dry Mode Mineralizer (Tessek, Czech Republic). The ash was dissolved in 20 mL of 1.5% HNO 3 and kept in glass tubes until the analysis [16] . Aliquots of the certified reference material RM NCS DC 73350 Poplar leaves (Analytika, CZ)
were mineralized under the same conditions for quality assurance of the total As concentrations in experimental plants.
Total element concentrations in soil were determined in digests obtained by two-step decomposition as follows: 0.5 g of sample was decomposed by dry ashing in a mixture of oxidizing gases (O 2 +O 3 +NO x ) in an Apion Dry Mode Mineralizer (Tessek, CZ) at 400°C for 10 h; the ash was then dissolved in a mixture of HNO 3 + HF, evaporated to dryness at 160°C and dissolved in diluted Aqua Regia [17] . Certified reference material RM 7001 Light Sandy Soil (Analytika, CZ) containing 12.3 ± 1.1 mg As kg -1 was used for quality assurance of the analytical data of total As determination. The total As concentrations in the plant biomass decomposed by dry ashing procedure and in soil digests and extracts were determined by hydride generation atomic absorption spectrometry (Varian SpectrAA-300, Varian, Australia). This instrument was equipped with a continuous hydride generator VGA-76 where a mixture of potassium iodide and ascorbic acid was used for pre-reduction of the sample, and the extract was acidified by HCl before measurement. In the case of high As concentrations, an ICP-OES device with axial plasma configuration (Varian VistaPro, Varian, Australia) was used.
Total organic carbon (TOC) was determined spectrophotometrically after the oxidation of organic matter by K 2 Cr 2 O 7 [18] . Available contents of nutrients in soils were determined by the Mehlich III soil extraction procedure [19] Aliquots (~500 mg) of the dried and powdered aboveground biomass or roots weighed to 0.1 mg were placed into 10-mL screw-capped polyethylene tubes and 10 mL of one of the extraction agents was added. For roots, pure water was applied as extraction agent, whereas for aboveground biomass a 20 mmol L [21] ammonium phosphate buffer was used [20] . The closed tubes placed on a cross-shaped rotor and turned top over bottom at 45 rpm for 14 hours. For determination of As compounds in soil samples, aliquots of the dried soil samples were extracted with 0.05 mol L -1 aqueous (NH 4 ) 2 SO 4 solution in the ratio 1+24 (w/v) for 4 h [21] . The mixtures were then centrifuged for 10 min at 3000 rpm, and filtered through a 0.22 µm cellulose-nitrate ester filter (Millex-GS, Milipore, Bedford, MA, USA). Aliquots of this solution (20 µl) were chromatographed.
A solvent delivery unit (Hewlett Packard 1100 Germany) together with an anion-exchange column (250 mm x 4.1 mm i.d., spherical 10-µm particles of a styrene-divinylbenzene copolymer with trimethylammonium exchange sites, Hamilton PRP-X100, USA) was used for the separation of As(III), dimethylarsinic acid (DMA), methylarsonic acid (MA), and As(V). An aqueous 0.02 mol L -1 NH 4 H 2 PO 4 solution (pH 6.0) at a flow rate of 1.5 mL min -1 served as mobile phase. The column effluent was introduced into the plasma of the ICPMS (Agilent 4500) for As selective-detection [22] . [7] in liquid cultivation medium, was not confirmed. Conversely, accumulation of As predominantly in bean roots was reported by Cobb et al. [23] . Phytotoxic effects were evident, as the growth of both aboveground biomass and roots in soils I and II were suppressed. Stoeva et al. [24] summarized the effect of treatment of the bean roots with As as a negative effect on the plant growth, leaf area, photosynthetic pigment concentration, water potential and biochemical characteristics such as increased peroxidase activity, lipid peroxidation, and the reduced soluble protein concentration. Lin et al. [25] detected DNA damage in Vicia faba using the Comet assay; in both leaves and roots, DNA damage increased with increasing arsenate concentrations, indicating genotoxic properties of arsenate. Evidently, bean plants and other species of the Fabaceae family belong to the plant species sensitive to increased concentrations of mobile As in soil. Moreover, decreased growth of roots rendered the bean plants less suitable for the study of As mobility changes in rhizosphere, where good root development is necessary for reasonable assessment of the changes in rhizosphere.
Results and Discussion
Concentrations of As and its compounds in plants
In the current work, only arsenite, arsenate, MA, and DMA were detected ( Table 2 ). The abundance of individual As compounds in aboveground biomass decreased in the order As(V) > As(III) >> DMA > MA, while in roots in the order As(III) >> As(V) >> DMA > MA, where measurable concentrations of MA were detected only in root extracts from plants growing in soils I and II, and DMA was detected only in the roots of the plants grown in soil I. The results confirmed common distribution of the As compounds with that described in the case of other higher plant species [5] and higher total As concentration in plant biomass resulted in increased concentrations of all the investigated As compounds. Table 3 shows total As concentrations and its compounds in individual parts of water mint plants. Surprisingly, better growth of mint plants was observed in the soils highly contaminated by As compared to less contaminated ones (probably due to higher nutrient 
c) standard deviation was not calculated because of low number of results above the detection limit
status of the contaminated soils) and a significant portion of the element (60% at the highly contaminated soil) was retained in roots. Higher mobility of As in soil resulted in higher uptake of As by plants indicating the sensitivity of the tested plants on changes of mobile As in soils. Evidently, the mint plants did not reach the As concentrations presented by Baroni et al. [10] , although both total and mobile As concentrations in soil were comparable to the levels documented in the mentioned paper. Because of lack of relevant informations there was no possibility to compare physicochemical parameters of soils at our locations with those ones of the soils described by Baroni et al. [10] . Moreover, the dominant portion of As retained in roots limiting the potential use of this plant for phytoremediation technologies. Similarly, Stolz and Greger [26] observed low translocation of As to the shoot in the case of other wetland plants such as Carex rostrata, Phragmites australis, and Eriophorum angustifolium. In contrast to bean samples, however, no symptoms of phytotoxic effect of high As concentration in soil was observed in the study of mint.
Robinson et al. [27] investigated intensively the As uptake by aquatic macrophytes (including Mentha spp). They derived two interesting conclusions: i) the As concentration in submerged roots and stems was an order of magnitude higher than the aerial stems and leaves, and ii) under controlled conditions, the As uptake by plants was 1-2 orders of magnitude lower than the plants collected in situ, supporting the speculation that the adaptation of plants in particular conditions is necessary. In our case, the plants were planted in soils where the humidity was kept at almost 100% of MWHC. In mint plants, the high As concentrations due to physicochemical adsorption, probably due to coprecipitation with Fe at the submerged parts of stems [27, 28] , is not expected in the current work.
The measurement of As compounds in mint plants confirmed the predominant localisation of inorganic As species in aboveground biomass and roots of terrestrial plants (Table 3) . In mint plants, only arsenite and arsenate but no organoAs compounds were identified in both aboveground biomass and roots. A small percentage of organic compounds of As have been reported, for example in stems and leaves of pepper plants [20] , and have been described by other authors in many different plant species [29, 30] , but were not detected in the mint samples. In the case of aboveground plant biomass, poor extractability of As compounds (not exceeding 50% of total As concentration) has been reported previously [20, 31] . The results can be affected by the presence of As-phytochelatin complexes found in various plant species [6, 32, 33] . The chromatographic conditions used throughout this work, however, would disintegrate these complexes. Recently Smith et al. [34] described As(III)-sulphur compound(s) accounting for the majority of As in the leaf and stem of radish. In this study, the application of synchrotron techniques permitted the identification of As(III)-sulphur species which were "invisible" to conventional HPLC-ICP-MS analysis. The distribution of As compounds within individual parts of mint plants confirmed that arsenite dominated in roots while arsenate in shoots. As it was expected, the highest abundance of arsenite in mint plants was observed at the soil I that contained relatively high portion of mobile arsenite.
The aboveground biomass of P. cretica contained 499 ± 7, 400 ± 2, and 81 ± 3 mg As kg -1 at soil I, II, and III, respectively (Table 4) . Concerning As hyperaccumulation ability, P. vittata is the most intensively tested fern species; shoot As concentrations can reach levels ~100-fold higher than the soil concentrations [12] . However, P. cretica did not reach these levels as achieved by the Table 3 . Contents of total arsenic and arsenic compounds in water mint plants (Mentha aquatica); data are presented as mean±standard deviation, n=4.
other species of Pteris genus, such as P. umbrosa [35] , although its ability to accumulate As in shoots is clear. More than 90% of the As was extractable in agreement with the other experiments [36] , suggesting a minor role of phytochelatins in these species [32, 37] . In the extracts only As(III) and As(V) were detected, 60-70% of which was As(III) regardless of the experimental soil. This was confirmed by using other analytical techniques such as X-ray absorption spectrometry [38, 39] . In roots, the total As concentration was 42 mg As kg -1 , 53 As mg kg -1 , and 24 mg As kg -1 in soils I, II, and III, respectively. For soil I and soil II, a maximum of 40% was water extractable. From soil III, 80% could be extracted with water. While in soil I As(III) was the dominant As species in the biomass, we found traces of DMA and MA in soils II and III, in addition to the more abundant As(V).
As and As compounds in rhizosphere soils
The concentrations of As compounds in the rhizosphere of bean plants did not differ significantly in individual segments of rhizosphere soil, and the mobility of As compounds did not correlate with the distance from plant roots (Figure 1 ). Arsenate was the predominant As compound (more than 90% of extractable As) followed by arsenite. Organic As compounds (DMA and MA) were detected only in the extract of soil I. Compared to the start of the experiment, mobility of As increased in the soil I (from 4.26 ± 0.06 to 6.42 ± 0.93 mg kg -1 , and decreased in the soil III (from 0.39 ± 0.02 to 0.15 ± 0.01 mg kg -1 ). While no detectable concentrations of MA were observed at the beginning of the experiment, both MA and DMA were found at the end. In soil II, the As mobility remained comparable at the beginning and at the end of the experiment. The root exudates as well as soil microbial activity could explain these observations. Because of suppressed root development in the contaminated soil, the biological soil characteristics seem to be more important in this experiment. The activity of soil microbial biomass plays an important role in oxidation/reduction of As in soils, sediments, and sewage sludge [40] . Soil bacteria are able to reduce arsenates to arsenites and methylate them to dimethylarsine. Similarly fungi can convert both organic and inorganic As compounds to volatile methylarsines [41, 42] . Methabolic activity of specific microbial populations participate significantly in speciation of As in soil solution. In aerobic soil conditions, fast microbial oxidation of arsenite to arsenate and no reduction of arsenate was observed in model conditions [43] . Variations in microbial community composition in longterm As contaminated soil were reported by Lorenz et al. [44] . Furthermore, the effect of arbuscular mycorrhiza on transformation of soil inorganic As to the organic forms (DMA) was recently described [45] . The depletion curves (Figure 1) , however, showed that the ability of bean plants to accumulate As is too low for unambiguous demonstration of mobility changes in plant rhizosphere.
No significant effects of the distance from roots on mobile portion of As and its compounds were observed in water mint rhizosphere (Figure 2) . However, the differences between the mobility of As after cultivation of bean ( Figure 1 ) and mint plants are evident. The predominant As compound was arsenate followed by arsenite in soils II and III. Organic As compounds were not detected in any of the experimental soils. In soil I, the abundance of both As compounds was comparable, and changing abundances of both compounds as a function of root proximity suggested that these changes are possibly due to rhizosphere processes. The percentage of arsenite was relatively high, even in soil III compared to other soils, where the arsenite pool did not usually exceed 10% of the mobile portion of As [9] . One can speculate on the effect of cultivation conditions of water mint, where redox conditions in water logged soils are different from common agricultural soils. Under reducing soil conditions, the arsenate in soil can be easily changed to arsenite. When the redox potential of a soil suspension dropped below 0 mV, most of the As was present as As(III) [46] [47] [48] [49] . The extractable concentrations of As compounds in rhizosphere soil of P. cretica ( Figure 3) showed a clear depletion of arsenate (representing more than 90% of extractable As) with increasing distance from plant roots in soils I and III. For soil II, the depletion curve was ambiguous. Fitz et al. [15] observed substantial removal of As by the fern P. vittata but As was not significantly decreased in the rhizosphere soil solution after one cropping, apparently due to the high buffering capacity of the soil and possibly because of ion competition with dissolved organic matter. This suggested that plant uptake of As was from less mobile As fractions. In the current work, less suitable soil conditions resulted in limited plant growth and diminished removal of As by these plants in soil II. Lower mobility of arsenate and higher sorption capacity of this soil is also possible. 
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We can conclude that the uptake and transformation of As compounds in plant biomass and rhizosphere of Phaseolus vulgaris, Mentha aquatica and Pteris cretica is affected substantially by the mobility of As compounds in soils, plant management, and soil physicochemical parameters. Although P. cretica did not reach high As concentrations in aboveground biomass compared to P. vittata when grown on similarly contaminated soils, this species seems to be a suitable plant for the study of As uptake and transformations in rhizobox type experiments. In Central European climatic conditions, however, the practical application of this fern species for phytoextraction studies is very limited. Moreover, the high percentage of arsenite in the fronds of these hyperaccumulating ferns is not typical for stems and leaves of higher plants. More As resistant plant species such as Silene vulgaris, Calluna vulgaris, Holcus lanatus, Plantago lanceolata, as reviewed e.g. by Meharg and Hartley-Whitaker [6] , should be tested in the rhizobox experiments for better understanding of plant-soil interactions in rhizosphere soil. A more precise assessment of the complex composition of soil solution in rhizosphere will be helpful for these investigations.
